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. review of studies conducted in practical combustion systems such as o i l t i r e d
domestic and utility boilers , gas turbines, and diesel engines has demonstrated
that metallic fuel additives can be effective in reducing soot emissions. Man-
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SECTION 1

INTRODUCT ION

- Soot is the particulate matter resulting from incomplete combustion of
hydrocarbon fuels. When present in sufficient particle size and quantity, soot
in exhaust gases constitutes a black smoke. Soot formation is generally undesi-
rable since it causes environmental pollution , combustor design limitations,
and tactical problems in military applications.

Although soot is not the most abundant pollutant, it may be one of the
most hazardous since soot particles are of the proper size (SO to 2000 A) to be
injested deep into the lungs (1). The observation that soot can cause cancer
of the skin in man was first made by Pott in 1775 (2). The polynuclear aromatic
hydrocarbons (PAil ) adsorbed on soot are believed to be responsible for this
effect (3 ,4~ , as many %‘AH are known to be carcinogenic (5).

Turbine combustors are usually limited by the temperatures which their
walls can withstand (6). Increased omissivity and higher radiative heat transfer
caused by soot formation in the combustor can cause overheating and damage .
Excessive quantities of soot particles can erode turbine blades and cause car-
bonaceous deposits leading to fuel spray distortion. These problems would be-
come even more serious wi th  any trend toward more aromatic fuels  (7) . M i l i t a r i l y ,
a fuel-rich primary combustion zone is desirable as it improves high al t i tude
relight capability (8). However , a sooty exhaust t ra i l ing jet  a i rcraf t  is equally
undesirable since it enhances detection by an adversary (8). The U.S. Navy has
also reported problems with carbon deposits left  on aircraft  carrier decks (8) ,
and in 1965 launched a program aimed at ridding their planes of smoke (8 , 9) .

Soot formation in a i rcraf t  turbines f i rs t  received attention by the Air
Force during the Korean conflict .  However , inquiries to pilots produced no
complaints, and the problem was temporarily set aside (11). The first commer-
cial jet aircraft introduced in 1959 were marginal on power , and theref ore
used water injection during takeof f .  This generated much more soot than dry
operation , probably by prematurely quenching combustions reactions Dl). Com-
plaints about jet  smoke from residents in areas around the Los Angeles Inter-
national Airp ort provoked a study (12) which showed that although the overall
contribution to air  pollution by a i rcraf t  in metropolitan areas was only 1 or
2 percent of the total , it  was responsible for around 10 percent of the total
in the immediate area of the airport (12,13). Nevertheless, industry was slow
to respond, probably since even a very smoky exhaust resulted in only a minor
loss (less than 1/2%) in combustion efficiency (8,10), and because the health
hazards of soot and PM were not as well documented as they are today (3 , 5) .

1 



Finally, in 1968 Pratt and Whitney released information on a new combustIonchamber for the JT8D engine which had been successful in reducing smoke emis-sions (13). However, problems with soot formation still exist, especially withthe new and more powerful turbines employing higher combustor pressures andheat release rates (11).

Most investigations of jet engine emissions have reached the conclusionthat combustor design modifications are the best method of assuring cleanexhaust (6,8,14-16). Design modifications are undoubtedly the most economicallong-term approach, but they may not be possible in all cases. Considerationssuch as power and re1ia1,~e performance at all operating altitudes sometimesmake other soiUtjo~s more desirable. The use of fuel additives is one suchSolution which has gained much attention.

Additionally, the chemj.c~ l properties of fuels are known to have a sub-stantial effect on sooting tendency . In well-mixed systems burning with excessoxygen, acetylene has shown the least tendency to form soot, followed by (inorder of increasing tendency to form soot) alkenes, alkanes , bezenes, andnaphtha]enes (7). Thus, as petroleum based fuels dwindle in supply and aresupplemented by the more aromatic coal-derived liquids, more problems with Sootformation can be expected. The staged combustion systems now being consideredfor NO
~ reduction also increase the tendency for sooting problems due thelower-temperature, fuel-rich primary zone. Thus, even the best possible designmodifjcat~0~5 may still need help from fuel additives to keep soot formationwithin acceptable levels.

2
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SECTION 2

ADDIrlvEs IN PRACTICAL COMBUSTION SYSTEMS

2.1 HACKUROUNI1

The first use of flame additives to reduce soot formation was reported
by Bartholomé and Sachsse (17) in 1949, based on tests performed in fuel—rich
hydrocarbon flames in the German synthesis gas industry. Salt solutions of
“almost all elements in the Periodic System ” were in jected  as f i n e  mist s  i n t o
a region of the flame in wh i ch the primary decomposition of the fuel was
thought to have already occurred. soot reductions as high as about 7”%
(unspecified basis) were reported with the transition metal nickel , although
the alkali metals and alkaline earths were also effective . Additionally, the
soot collected was observed to is  “more fi~ sl y qrainod ’ wsen the additive
was employed .

2 . 2  UTILITY ANP D~ 4ESTIC ROlLERS

Additives were tested in an oil heating combustor by Weeks, Clinkenbeard ,
and Soltis in 1959 (18). At a specific weight concentration of metal , Ferroceno
(dicyclopentadienyl iron) was most effective , followed in order by Ni , Co , Mn ,

Pb, Mq - all in the form of naphthenates . Lead napthenate was found to be more
effective than tetraethyl lead , but apparently this was the only organic-subst i-
tuent effect observed. However , even with the most effective additive tested ,
the concentrations necessary for a significant effect were considered too costly

• for long term use. Additionally, the measurement technique used was based on
the allowable reduction in excess air at the no-smoke point , a technique which
unfortunately cannot distinguish between a reduction in the weight of soot
emitted and a shift in particle size distribution which makes the same amount
of soot less visible .

Vaerman (li)) reported in 1964 the testing of various metal naphthenates in
a commercial central heating plant using a pressure jet gun-type oil burner.
Results were correlated based on a reduction in Bacharach smoke number , i.e.,
the shade of a white filter paper through which a standard volume of the flue
gas has passed. A reasonably good correlation between Bacharach smoke number
and weight of soot in the flue gas was obtained. At a metal weiqht concentrat i on
of 1~ 0 ppm , and with 40% excess air , the most efficient metal was copper , followed
in order by cobalt, manganese , iron , nickel , lead , potassi.uni , and barium. The
Racharach smoke number decreased from about. 7 to 3 with copper , correspondinq
to about an 80% by weight reduction in flue gas soot. Additional test.s with
different solubilizing organic groups showed that only the nature and concen-
tration of the metal were important in soot reduction . Vaerman also discussed
corrosion-reducing additives in detail.

3

- -



Riggs, Wilkinson , and Wolfe (2(’) studied the effectiveness of several
additives at a concentration of 0.1 grams of metal per gallon of No. 2 fuel
oil when burned in a domestic heater unit. A coiiinercial fuel additive , methy-
cyclopentadieny l manganese tricarbonyl (MMT), achieved an 80 percent reduction
in particulates, followed by cobalt naphthenate (70 percent), manganese naph-
thenate (65 percent), chromium carbonyl (60 percent), calcium sulfonate (45
percent), nickel carbony l. (40 percent), and lead naphtheriate (30 percent).
Unfortunately , a summary (21) of this paper (20) did not state the base level
of particulates (without any additives), the excess air used in firing , or
the method (grav ..metric or optical) used to determine the particulate reductions.
When viewing the wide range of results reported for the same additive in even
similar combustion systems (and conditions) , these correlating parameters (or
ones of a similar nature) would appear to be crucial if the observed results are
to be of any use in predicting the performance of the additives with similar
combustion systems and conditions.

Finfer (22) conducted a brief literature survey on combustion improvement
additives for fuel oil combustion in boiler systems. The results of Hartle and
McGuire (23) with an iron chelate in rather large concentrations of 0.01 — 0.08%
by weight of f~iel were shown to he more effective than hydrazine
(24)  at 0.05% by weight, or copper sulfonate (1°) at 0.01% by weight.
Fjnfer also pointed out that mane of these experinental results
were based on smoke numbers anu other optical techniques, and indicated that
gravimetric tests would be more reliable for measuring soot reductions. He
was also apparently the first to warn that some of the metal oxides formed by
these additives and emitted in the stack gases might be toxic.

• Kukin (2 5)  reported on the use of additives in oil—fired furnaces to improve
boiler cleaniless , cut corrosion, and reduce stack emissions. Magnesium oxide
was shown to be effective in the first two categories, while manganese was shown
to reduce particulate emissions by as much as 80% by weight. Tests were carried
out in a package boiler burning heavy asphaltic bottoms and producing 200,000 lbs
of steam/hr at 900 F superheat with 900 psi pressure. Using manganese in a con-
centration of 45 ppm metal by weight , flue gas particulate matter decreased from
0.17 to 0.04 mg/scf with a reduction in carbon content of the emitted particulate
matter from 72 to 3i% by weight.

One of the most extensive testing pro~,rams on the effects of fuel additives
on pollutant emissions from distillate-oil fired furnaces was conducted by Martin,
Persh ing , and Berkau (26) of the U.S. Environmental Protection Agency. Released
in 1971, their report showed the rcsults of tests with some 206 commercial addi-
tives. Additives were all tested with 20% excess air and a uniform No. 2 distil-
late oil of 25% aromatic content and a mass ratio of carbon to hydrogen of 6.62
to 1 (empirical formula CH181). Additive concentrations were based on those
recoimnended by the manufacture as well as a constant 0.5 millipore metal per
kilogram of fuel (if different). Two sandwich transition metal complexes, di—
cyclopentadienyl iron (Ferrocene-20% Fe) and methylcyclopentadieny]. manganese
tricarbonyl (MBT—25% Mn) were found to have the greatest effect on particulate
emissions from a cost/effectiveness viewpoint. A chemical analysis of the 206
additives revealed that more than half had a total metal content greater than
0.1 percent. However, of the 14 different metals represented, only the additives
containing at least one of the transition metals, iron, manganese, or cobalt,
significantly reduced particulate emissions under the conditions tested. The
seven most effective additives, and the ratio of particulates with the additive4
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to particulates without the additive , are listed in Table 1. The authors also
warned of the possibly toxic emissions caused by the use of some of these
additives , and pointed out that additional tests which they conducted led to
the conclusion that ccmsnercially availal’le flame retention devices ccsild reduce
particulate ~nissions more than any of the additives tested.

The seven most effective additives referred to above have also been tested
by the same authors in a residual-oil fired boiler (27).

TABLE 1. DISTILLATE FUEL-OIL ADDITIVE S THAT SUBSTANTIALLY REDUCE TOTAL
PARTICU LATE EMISSION S [f ran  Martin , Pershing, and Berkau (26)]

Total
Concentration

particulate
Additive Weight Molara Composition ratio

Arapahoe Ferrocene 1:7150 0.50 20% Fe 0.53

Ethyl CI-2 1:9000 0.36 18.0% Mn 0.56

Commercial Chemical 1:150 0.50 0.3% Cab 0.57
Improsoot 0.1% cah

Gaxnlen 1:110 0.50 0.2% Mn 0.61
DP 23 1 0. 1% Fe

Fuel Combustion Corp. 1:500 0.10 0.25% Mn 0.64
Fuelco SO

3

Commercial Chemical 1:200 0.40 0.9% Co 0.68
Formula LSD

Industrial Chemicals 1:500 0.05 0.15% Fe 0.69
Watcon 130

a 
Millimoles per kilogram

b One of these two entries is probably cobalt

An extens: review of combustion additives for pullution control has
recently been c~ oiled by Krause, Hillenbrand, Weller , and Lockin (21). This
basic review cov .rs virtually all types of combustion systems—boilers, gas
turbines, internal combustion engines, and some laboratory studies, as well as
several different fuels including distillate oils, and even coal. All pollu-
tants are categorized , including: soot and particulates , polycyclic organic
matter (P01.1), flyash , NOx, and S°x . The general conclusions are that fuel
addi tives can be very effective for flyash and carbon particulate removal , less
effective for POM removal , only very weakly effeci~ive against NOx , and have
virtually no effect on total sulfur emissions , although S03 can be reduced.

5
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The review of Krause et a l.  was conducted a a p r e l i m i n a r y  step to an experi-
mental evaluation of fuel oil additive s in boilers by Uiaimnar , Weller , hockin ,
and Krause ( 2 8 ) .  Their proqra.m was executed in a 500 kw coitunercial fire—tube
package—boi ler under conditions of variable load , cyclic operation , short term
(2 hour), and long te rm (60-80 hour). Twenty-four fuel additives were evaluated
while firing residua l oils , and eleven while firing distillate oils. The
majority of the experiments were conducted under 80 percent load. The distillate
oil was burned with 8 percent t.~xcess •iir (14 percent cO:) and the average
particulate content of the  ex1i~ u~ r was about 14 mq/Nm3 (carbon content of
less than 1 percent~. Predictably, under en~ relatively clean conditions , nofl(’
of the additives achieved a :articulate ret~nt ion , and more than half actuall y
increased the amount of particulate collected due to added metallic compounds.

• The two different residual oils had (without• additives) baseline particulate’
concentrations of 7.! and ~~ mg/Nm~ . A mixture of i ron and barium naphthenate~;
(27 ppm Fe, 51 ppm Ba) achieved th e qreatent particulate reduction (49 percent)
with the remaining i -t rti .~ ulate~ being all ash and metals (no carbon). Generally
the most effective additives contained t ransition metals (Co , Mn , Fe) and alka-
line earths (Ba , Ca) in concentrations of 2~ to 50 ppm metal by weight. It was

• determined that the mass of particulates in the respirable range was reduced by
the additives tested.

2.3. GAS TURBINES

Despite almost a decade of use in boilers and furnaces , additives for
smoke reduction were apparently not teoted in gas turbines until l9b7. Toone
(10) conducted experiments with Ferrocene and Luhrizol ~~~ (a conmiercial additive
containing an organic derivative of hat ium) in a Rolls Royce Dart engine . A 0.05%
cone itrjtion of fe~ r o t ’:o (by wei~ ht ) did net give any evidence of carbon
reduction , but Lubrizol (0. .‘S% Lubrizol by weight) did give a significant re-
duction . Toone observed that these results were exactly opposite to that
expected based on smoke nwnbern that he obtained with a lamp burning Avtur fuel
(an aviation kerosine ) and the additives . In the lamp , ferrocene indicated an
ability to reduce smoke, w ile Lubrizol 56~ indicated a greater tendency to
smoke. The Lubrizol additive also had the unsatisfactory feature of leaving
barium oxide deposits on the turl’ine and the’ inside of the jet pipe.

Shayeson (11) evaluated teii conmiercial  fue l additives available in 1967
in a test rig consisting of a General Elect-n c J79—8/15 coinbustor with a PS
fuel nozzle and a JP—~ fuel. Test riq results were based on visual estimate
of smoke density , the attenuation of visible liqht using a photocell and
re’~order, carbon c 1 ice ci by ~~~~~ sami I n i  t 1: rough a porous ct—’rami c crucible ,
and several othe r methods. At the name metal concentration (0.02% metal by
wei gh t)  ferrocene and another iron roiui u~d ~in i i t ’nti  f led)  were about as
ef fec t i v e  as 1 barium compound (a loe  un ident ified ’~ and slightly more effective
than a manganese compound (latet J iontific i l’y Fiorello (8) to be MMT) .
However , other considerat ions includ ing  a v a t ( a h i l i t -y ,  cos t ,  and physical pro-
perties favored the manganese compound (MMT) despite the small performance
disadvantage. Additives containing alkyl nitrat.es, boron, lead alkyls, and
organic peroxides were found to be i n e f fe c t i v e . Fur ther  tests of ferrocene and
the manganese and barium compounds were conducted on the ground in a J79-8
engine. The barium additive (0.1% volume) eliminated almost all smoke at

L.



military (high) power, but after 2 1/2 hours the engine stalled due to thick
white deposits of BaCO3 in the combustor and turbines. Ferrocene (0.1% vol.)
reduced smoke by 90%, and appeared to have no adverse effects after 5 hours,
but did leave all interior engine surfaces coated with thin deposits of dusty
brown iron oxide. The manganese additive was effective at lower concentrations
(0.04% vol.), and also showed no operational difficulties after 5 hours, des-
pite thin dusty deposits of black cubic Mfl203 and orange tetragonal Mn304.

After more safety checks, flights tests were conducted with the manganese
additive , although at slightly higher concentrations (0.08% additive by volume) .
The results showed more smoke than the ground tests, this being attributed to
the lower power levels used in flight. [In the ground tests all three additives

• had shown more effectiveness at the higher power levels than at normal (cruise)
power.) It was also concluded that the solid exhaust products formed with the
manganese additive caused no major adverse effects  on J79 engine operation
after 100 hours. This conclusion was more optimistic than the results obtained
by Pichtelberger et al. (29) in 1966. Based on tests of this same manganese
additive (which contains MMT) Pichtelberger reported that some engines showed
performance losses with time of operation due to the accumulation of manganese
oxides on critical areas of the turbine .

Shirmer (16) has summarized work conducted at Phillips Petroleum company
by both himself and Bagnetto (9) using a small-scale two-inch combustor design
to yield results similar to gas-turbine engines. Several different aviation—
turbine kerosenes of different hydrogen content were evaluated , as were three
different organometallic additives containing manganese, barium, and calcium.
Based on optical density measurem ents in the exhaust, three different additive

• concentrations, (0.012, 0.024, and 0.036 gram—atoms of metal per gallon of
JP-5 fuel) and various cornbustor inlet conditions, it was concluded that the
additives are most beneficial at intermediate turbine—inlet conditions (10—15
atm; 1500-1700°F), and that additive type and concentration were both important.

• Unfortunately, the most effective additive and the optimum concentration were
not specified. Electron micrographs of soot collected with and without the barium
additive revealed no significant differences in the soot size or morphology ,
although the difficulty and subjectivity of particle characterization
from this type of simulated gas turbine combustor was pointed out.

Friswell (15) also evaluated several additives in a small—scale combustion
rig designed to simulate gas turbine combustion conditions. Barium , manganese ,
and iron in the form of Lubrizol 565, Ethyl CI—2 (MMT), and ferrocene ,
respectively, were added to an aviation kerosene fuel (Avtur) and burned under
a variety of conditions. Soot was analyzed by both calibrated smokemeter and
by filtration/weighing. Preliminary experiments established that manganese
and iron had a lmost identical e f fec t s  on exhaust carbon over a wide variety of
the test conditions , and therefore further examination was limited to omly
barium and manganese . The effectiveness of the manganese additive was found
to be very dependent ott the air/fuel ratio (AP R , 15 stoichiometric) and to
increase as the exhaust gas temperature increases. Barium effectiveness was
relatively independent of the APR, and 250 ppm was able to remove carbon com-
pletely at an APR of 80/1. Manganese at a 100 ppm concentration and 35/1 APR
removed 73 percent of the carbon.
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Pagni and Hughes have done extensive t e st  in e i  ci methylcyc lopeiitadionyl
• manganese tricarbonyl (Mr~fl’, Ethyl Corporation e ’T- ) including a 1’ ~~’2 report

with Giovanni and Sawyer (30) and a 1973 report with N ’va ~~c~’ ( ‘ YI . All
experiments were conducted using a f a i r l y  c lean-burnine , moei~~1 i a a  turbine
combustor and JP—4 jet fuel (LI/c ~ ‘1). The baseline emissioms (no add i t ive )
collected with a quenched sampling probe ranged from 1 . l r , to 0.4” qm/kqin of
fue l .  Typical turbojet  and turbofan engines were reported by Giovann i and
Sawyer (30) to have emissions in the ranqe ~~.t t o  14 ~~ii f f u e l .  The use
of MM’r (0 .0 % by volume ) increased the  cmi I on s  i ndr x at the e ’Iiamber ex i t  by
about 0.5 qm/kgm of fuel .  By assuming the c arbon mass emi ;sion was the same
with and without the addi t ive , Giovanni and Sawyer were able to  use a mass
balance on manganese to a t t r ibu te  the increase in p a r t i c u lat e  mass to solid
phase manganese oxides. Without the addi t ive , the smallest of the soot

• particles were typical ly  0.1 pm in diameter and thus efficiently ? ; c a t t e t , d
visible radiation . With the addi t ive , the exhaust p ar t ic l e s  of manganese
oxides and carbon were typically 0.05 iim in diameter , and showed a significant
reduction in agglomeration .

Further work by Novakov et . al .  ( I I )  led t~~ .a power law n ( r )  — cr
b 

(l’,c
constants) to describe f lu ’ measured sin’ diot e ,ibu t ion of the pa r t i c les  em i t ted
by the model gas turbine combustor . They ‘ou’tii ~1cd that the manganese add itive
redistributed the mass to smaller size particles where it was no longer visible .
Neutron activation analy sis determined tha t  virtually all of the manganese added
to the fuel  was being emitted , and x-ray  photoelectron spectroscopy determined

• that the emitted manganese was in the 24 oxidat ion state as Mn0 . The authors
in both papers (. 10 , 31) warned of the toxic e f fect s  of the manganese emission s ,
and urged tha t other methods of particulate omission suppression he employed .

Et hyl Corporation (32) has conducted a study of thei r  own additive , MMT,
in three different gas turbines (15 , 20 , and 30 megawatts) using a No. 2 fuel
oil .  Stainless steel sampling probes wore used to co l lect  exhaust sample
spots which were then test ed by a photovolt ref lectometer and reported in
either Von Brand or Bacharach units. r,- i t t i c u l a t o s  were also collected on glass
fiber filters to determine total particulaton as well as carbon and manganese
content. Using concentrations of 20 - 100 ppm by weight of manganese , ~ThtT was
claimed to reduce smoke and carbon part icu lates by 50 — 90% . The greatest
reductions in emissions were observed at h igher  Nt’ concentration and higher
load conditions.  The smoke data wet o  observed to f i t  a semiloqarithinic re la t ion ,
loge S A — kx , where A and k are empirical  constants , x is the additive con—
centrat  ion in p~~n Mn, and S is the Racharach smoke level (or 100 - Von Brand
smoke reading). By using a different set of empirical constants for each of
the three turbines, as well an each of the various load conditions tested at
each tu t b in e , a reasonably good correlation was obtained .

Champagne ( .13) analyzed the data obtained by F.thyl corporation (32) and
fitted the results to theoretica l expression based on two independent oxida tion
phenomena , one thermal and one catalytic. The general form is:

K
1 

(Mn)

k (M n l + k 1

H
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where ~\C is the carbon reduction due to the Mn additive , (Mn ) is the concentration
of MJ~ in the fuel as MMT, and k1 - are constants , assuming the secondary zone
temperature distribution is uniform and the unit is operating at a steady load.
This theoretical expression does not appear to f i t  the data as well  as Ethyl
Corporation ’s empirical relationship, even though it contains an additional
constant. Similar to Ethy l ’ s expression , it appears to require new constants
for each of the lo.*d conditions tested at each of the three turbines.

Champagne and his co-workers at General Electr ic  also tried to ver i fy
Ethyl ’ s conclusion s with en G~’neral Electric MS 7000 gas turbine run at essen-
tially constant load with No. 2 distillate fuel. Particulate emissions were
measured by the technique defined in the t~ s ~nqeles County Air Pollution
Control District Source Testinq Manual (34) as well as the U.S. EPA method ( 3 5 ) .
Both of these method s are q r a v i mo t r t c , d i f f e r in g  on ly  in the extent to which
particulates are collected from the sampling probe, filters , and connecting
glassware . Hilt arid Giovanni (36) have described the application of these and
other techniques to gas turbines.

Carbon omissions wore essei~tially eliminated with 31 ppm Mn in the fuel.
However, the initial percentage of carbon in the particulate was so small (3s
by weight) that the total particulate emissi.ons with the additive actually
increased. This was attributed to manganese oxides in the exhaust. The amount
of the particulate increase was different for each of the twe collection methods,
with the l.A method appearing to collect tsuct~ more than the EPA method. in reali-
ty, this difference was largely shown to be caused by severe hydration of the
particles in a wet impinqor train required in the LA method. Nevertheless, the

• addition of i~~T to an essentially already carbon-free gas turbine definitely
resulted in an increase in the emitted particulates.

hlersh, Hurley , and Carr (37) conducted experiments with iron , manganese,
and a manganese/barium mixture as additives to a number two fuel oil fired in
a 20 megawatt utility gas turbine. The main objective of this investigation was
not to evaluate the effect iveness of the various additives , but to characterize
the exhaust particulates according to ccm~position, size , and metal content.
Samples were collected according to U.S. EPA Method 5 with heated quartz sam-
pling probes. Metal identity and concentration in the exhaust was determined
by neutron activation analysis  (NAA ) and atomic absorption spectroscopy (AAS) .
Particle sizing was achieved with a Thermosystems Model 3100 electrostatic
aerosol analyzer (EAS) and a scanning electron microscope (SEM) coupled with
energy dispersive x—ray analysis.

The results showed a small I ncrease in the total mass appearing as larger
particulates. This i ncrease was attributed to particles containing the additive
base element , which had a mean diameter of 1.3 microns. The additive base
element was not found in any particles below 0.’ microns. Sixt y to seventy
percent of the Mn (by weight) from the additive containing oni ~~ was recovered
in the exhaust , as MflI) (‘~0%) and $n,~0 1 (10%). The Mn/ba additive yielded only
.10% meta l recovery in the exhaust , ~‘i{h~ about two—thirds as tinO arid one—third
as M~2

O
1. Forty to fifty weight percent of i ron from the third

addttive was recovered , l,% as FeO and 85% as Fe
2
0
3
. Theoretical



deriv,tt iotis based on Mit ’ scat teris.i the~~ V by Fn~ oi and ~ i l .~t
(38) and others (39 ,40) have lod the authors to conclude that the major decrease
in plume opacity was due to a reduction in mass loading resulting from the
additive use, with only a small contribution due to the slight increase in
particle size.

Blazowski (41) recently (1973) reported on the current U.S. Air Force
program to use fue l additives to reduce emissions from aircraft gas turbines.
The report also includes susteartes of two experimental program conducted by
Champagne (4~ ) and Sh&w (43). Problems encountered in employing the additives
(decrease in fuel thermal stability, hot section deposition , and af terburn er
spraybar plugging) arc discussed along with po~sib1e solutions to each problem.
Blending several additives to achieve the best results from each is one of the
major solutions proposed for investigation . Universal use of fuel additives
did not appear cøst effective , but use in an on-demand basis or in specialized
applications (such as in eng i ne test cells) was found to be justified . Blazowski’s
review led to the conclusion that iron and manganese compounds generally appeared
to he the best caiidb.iatcs for smoke abatement iu~ 1 additives , Redesign of
exis t ing engines (retrof it) for smoke abatement , although expensive , was consi-
dered to be the best long-term solution .

The (1 .5. Navy (44) and Air Force (4~’) are currently in various stages of
programs aimed at finding safe and e f fe c t i v e  fuel  additives to reduce or elimi-
nate pollutants f rom their  a i r c r a f t .  The motivation for these extensive pro-
grams is easily understood in view of the statement by Richter (4~ ) that retro-
fitting the entire tiSF¼F turbine engine i nventory (at $30,000 per engine, 1973
estimate) would cost approximately one billion dollars. The ultimate goal of
these programs is to find safe additives for use in—flight , but currently
the emphasis is to find additives for engine test cel l  use.

Ethyl  Corporation ’ Combustion improver Numbe r .~
‘ (MMT ) was the most cost

ef fec t ive  additive studied (47). h owever , the Navy rejected test cell use of
this additive (47) due to the suspected t ox i c it y  of its combustion products , as
well as the known toxicity of the additive itself (31, 48 , 4n), Ferrocene has
also been shown to be very e f f e c t i v e  (44 ) , al though seine engine designs have
had problems with deposit of iron oxide. The many engine types are current ly
being evaluated on an engine -by—engine basis for possible ferrocenc use. Navy(47)
and Air Force (50) studies have indicated ferrocene is reasonably safe for
additive ~isc.

2.4. PIESEL ENGINES

Smoke suppressant additives have also been extensively tested and shown to
effectively reduce or eliminate bl~i ’~ smoke t ron diesel enqines. Surprisingly ,
barium appears to be the metal of cho i ce  for thjs type of application , rather
than the manganese or iron so often used in boi iei-s and gas turbines.

Ray and 1.oriq (51) ~‘,q’t’~ imoni ed w i t  Ii several  non—meta l l i c  additives for
diese l eng ine Sect and PPd I suppression . The authors concluded that t—butyl-
hydroperoxide was a more e f f e c i i v o  addit ive than l—nitropropane . ethyl nitrate ,
or ni troethane . Salooj a ( 52 )  had previously reported all  of these additives
were powerful promoters of the combustion process. Five percent by volume
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t-butylhydroperoxide reduced total particulates by about 30% and benzojalpyrene
by more than 50% (51).

Norman (53) reported on the effectiveness of a 5% by volume addition to
diesel engines of a coe~nerci.al (Lubrizol) smoke suppressant additive containing
barium . Measurements made with an optical technique (hlartridqe ~ nokemeter)
on 4, 6, 8, and 12 cylinder engines typically showed from 30 to 50%
reduction in opacity with the additive. Laboratory tests, as well as a com-
mercial diesel engine which had operated for 35 ,000 miles on treated fuel ,
showed an additional bonus. Fuel injector nozzles, exhaust valves, and most et her
engine parts were much cleaner and showed less wear then normal. Small ash
deposits which did accumulate in some combustion zones were easily crumbled and
expected to cause no adverse a f f e c t s  on operation .

Golothan (54) has wr i t t en  one of the most extensive and often cited reports
on the use of barium-containing fue l additives in diesel engines. Effective-
ness in smoke reduction was determined gravimetrically and with a Rartridge
smokemeter. The two techn iques correlated very well , showing that the optical
density of the exhaust for a 1 cylinder , direct inject ion , 1. 4 liter u n i t , was
reduced 40 — 50% with 0.05% by weight of barium in the fuel. Tests in a 6
cylinder diesel truck driven for approximately 35,000 miles with U.K. DERV fuel
and 0 .075% wt barium additive showed an average reduction of ~0% in exhaust
smoke opacity. The largest reduction in all tests was obtained at the higher
load conditions. Loose and flaky engine deposits were observed , although the
effect on engine performance was minimal. It was assumed that the deposits
tended to form and break away continually until an equilibrium level was reached.
Nevertheless, the smoke level was observed to vary (and occasionally qet quite
high) due to these deposits, and thus additive tn~x~ificat ioi~s were attempted.
The incorporation of dispersant properties (unfortunately not described) in the
additive reduced chamber deposits and resulted in a low smoke level throughout.

Golothan also conducted tests for possible PAIt reduction by the additive.
These were unfortunately inconclusive , although a slight PM~ reduction may
occur in 4 or 6 cylinder engines.

Miller (55) has evaluated a Lubrizol Corporat lon diesel smoke suppressant
addit ive (SSA) in 2 1 European and 5 American diesel engines. The results wi th
this  baritnn-containinq additive were measured by Hartridge , Bosch , or Von Brand
smoke meters. A smoke reduction curve based on these results was observed to
correlate well wi th  the actua l weight of soot collected . While the results
varied from engine to engine , typical exhaust opacity was reduced by about 15%
(from about 5~’ to 20 Hartrjdqe units) with U .5% volum e of SSA. Combustion
chamber deposits were negligible , and values and injectors were generally in
good or excellent condit ion . Ring anti .iniector wear was also reduced by the
additive . Laboratory studies typ fcall y showed a 1% increase in fuel economy
with the additive , and fleet tests ~~ high as 4% improvement . Miller also
cited a report by Deeter ( 56 , 5 7 )  which showed s i m il a r  smoke reduction and reduced
valve and in jec tor  wear.

Mcconnell et al.  (~ 8) has suss~arized the previously discussed work of
Golothan ( 54 )  and M i l l e r  (‘Y~) ,  as well as other work on diesel engine exhaust
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smoke and barium fuel additives by Howella (59) and Vulliamy and Spiora (60).
The generally good results, previously discussed, are further supported, but
little significant new work is presented . The authors conclude that barium-
based anti-smoke additives should have a strong future in diesel engine
application.

The results of most of the major practical studies of soot reducing
additives are contained in this report. In addition to additives designed for
soot reduction, Salooja (61) has reviewed many additives for abatement of high
and low temperature corrosion problems, and Agius et al. (62) has included a
discussion of flow improvers.

2.5. MMT

Methylcy].copentadienyl manganese tricarbonyl ( MMT ) is a commercial fuel
additive (24 .7% Mn) available from Ethyl Corporation as Combustion Improver
Number two (CI-2). It is a liquid additive suitable for blending with petro-

• leuin fuels and has a well-established ability to reduce carbon emissions in
• boilers (22,26) and gas turbines (32,47). Consequently , it appears to be the

most popular smoke suppressing additive on the commercial market (30).

The additive is most effective in very smoky exhaust gases which have a
large percentage of unburned carbon. Tests of MMT in relatively clean
“smokeless” combustors (whose exhaust is largely ash) have shown that parti-
culate emissions are often increased(28, 30, 33) probably by adding manganese
oxides to the exhaust.

For virtually all of the combustion systems tested there existed an opti-
mum concentration of MMT for maximum smoke reduction. Exceeding this optimum
concentration notonly does not provide further reduction in particulates, but
in most systems resulted in an increase above the minimum particulate level
already achieved (15 ,31).

MMT has been tested as an octane booster to replace
tetraethyl lead in gasoline engines. However, General Motors , Ford, and
Chrysler report that the additive increases hydrocarbon emissions in gasoline
engines, and contributes to plugging in catalytic converters (63). Ethyl
Corporation has disagreed~ reporting no “significant” effects on exhaust emissions,
but a definite octane rating boost (63). The ERA baa recently agreed with
auto manufactures and banned the use of MMT in gasoline.

Cyc].opentadienyl manganese tricarbonyl is known to be toxic at low con-
centrations (26,48), but apparently the methyl derivative has not been as
extensively tested. The combustion products of ~.Q4T are dependent upon tempera-
ture, but typically include MnO , Mn02, Mn203, and Mn.~OA . The toxicity of these
compounds in the quantities in which they are emitted {s currently a topic of
controversy (26,30,31).

The mechanism by which MMT is believed to act to reduce carbon emissions
is discussed in a later section.
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2.6. HEALTH EFFECTS

Many authors (26,30,31,37,47 ,48) have questioned the use of fuel additives

to reduce ~ noke emissions on the grounds that the metal oxides emitted by the

combustion of the additives may be move toxic than the soot they eliminate.

The three most common metals appearing in additives are manganese, iron , and

barium. The toxicity of the combustion products of each of these metals is

discussed below.

Manganese usually appears as either MnO (31,37), Mn02 (26), Mn
2
0
3 

or

M~3
0
4 
(37) in the combustion products of boilers (26) and gas turbines (30, 31, 

37)

using a manganese additive. The relative amounts of these oxides is dependent

upon the temperature of operation. A high atmospheric concentration of these

oxides may result in (a) chronic manganic poisoning, a disease of the central

nervous system, (b) manganic pneumonia, or (c) catalytic oxidation of other

air pollutants to more undesirable compounds (48). These diseases have been

reported in manganese miners exposed to the corresponding dust, and factory
workers in plants that produce various manganese alloys (48) . Both diseases

are fatal if the exposure is long enough (48).

Iron additives and the oxide combustion products are probably the safest

of the three metals discussed herein. Animal feeding studies with ferrocene

(the most popular iron additive) show almost complete absence of toxicity (64).

Exposure to iron oxides in high concentrations is irritating, and occasionally

causes sIderosis, a benign lung condition. Deaths due to iron oxides are rare,

usually only appearing in iron ore miners exposed to mine dust for long periods

of time .

Barium compounds are usually only toxic if water soluble (65). The most

comeon barium compound, barium sulfate, is insoluble and generally ncntoxic.

Barium compounds omitted by diesel engines using a barium fuel additive have
been extensively investigated by Golothan (54). He concluded that typically

less than 25 percent of the barium emitted by diesel engines was in the form of
soluble barium compounds , (usually barium carbonate). The majo2tty of these

soluble barium compounds exist as solids, and little work has been done to determine

their atmospheric concentrations or toxic effects (65). However they are almost

• all poisonous if ingested (65).
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SECTION 3

BRIEF RLVIEW OF CARBON FORMATION AND BURNOUT

In order to better understand the inf1uen~ v of additives on the soot
format ion process, it would be benef icial to f irst understand the process of
soot formation and burnout in the absence of additives. However , soot forma-
tion in hydrocarbon flames has been studied for over a century and no clear
picture of the rrocess has yet emerged (7). Detailed discussions of the many
mechanisms proposed to explain the chemistry and physics of the soot formation
process are available in reviews by Street and Thomas (66), Pa lmer and Cul lis
(6?), Gaydon and Wolfhard (68) and Homann (69). A more recent review concen-
trating on the effect of fuel type and the infleunce of aromatic fuels on soot
formation has been given by Bittner and Howard (7). Using these reviews as
a basis , socis of the important aspects of soot formation can be discussed.

Br ief ly ,  soot formation can be broken down into three stages:

1. Soot particle nucleation
2. Formation of spherical units (about 250 P~)

by agglomeration and surface growth
3. Coagulation of spherical soot particles to

form the characteristic chain—like structure

While the above three stages are occurring, the soot particles also undergo
dehydrogenation. The cociposition of the soot changes from about CH to C8H (67),
with trace amounts of oxygen , nitrogen , and other elements also present.

The first staqe , soot particle nucleation , has probably been the most
d i f f icu l t  to explain and consequently caused the most controversy. There is
a lack of even qualitative information about how fuel molecules with only a
few carbon stems are transformed Into  even the smal lest Soot part icles with
borne t~n thousand carbon atoms (69). The two most viable hypotheses yet
advanced are based on radical and ionic pol ym e r i z a t i o n s  ( 7 ) .  The ionic
dspectn of soot formation are especially important since virtually all explan-
ations of the mode of action of metal-containing additives are at least partially
based on the formation of metal ions in the flame, and their effect on the
subsequent flame chemistry .

The theory that positive tons serve as the nucleus for carbon formation
in flames (70,71) has been shown by Howard (72) to predict the well-known
chained structure of carbon particles and the uniform size of the spethical
chain units. A series of experiments by Howard and co-workers have proved the
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feasibility of this theory. A mechanism for the ionic nucleation of Boot pa rt ic~ e~c
has been described based on th. experimental evidence (73). Postively charged
agglomerates of carbon particles exhibiting a cha ined structure have been found
with an average charqe/particle ratio of about 2 ( 7 4 ) .  The size , size distri-
bution , number concentration, and fraction of charged carbon particles has also
been measured , and a coagulation rate constant obtained (75). The alkyl doriva-
tives of PM are believed to be the first precursors which may then grow by
ionic or radical polymerization pathways (76, 77, 78) to high (~ 500 anti) mole-
cular  wei ght species (79) of higher H/C ratio than the final soot. This material
them agglomerates and dehydrogenates to form sol id carbonaceous particulates
(77, 80). The well-known PM which can be extracted from soot particles (81) are
believed to be the highly condensed and unre~mctiva byproduct s of thin soot
formation scheme (7’4,82).

Many of the proposed explanations as to how metal additives function to
remove soot have included some sort of enhancement of the soot oxidation process.
Therefore , a review of the knowledge concerning soot burnout In later flame
zones is appropriate. Unfortunately, this  process is also an area of mild
controversy among researchers. The earliest work by Lee, Thring , and B&~r (83)
included an expression for the rate of soot bu~nout as a function of temperature
and the partial pressure of 02. Mill ikan (84) and later fenimore and Jones (85)
found that soot was mainly oxidized by hydroxyl radicals , with only a weak
dependence on 02 partial  rressure. They concluded that this effect was magnified
under fuel-rich cond itions , especially when was present as a source of radi-
cals. More recent ly,  Park and Appleton (86) and Feugier (87) have obtained
rate expressions based on 02 partial pressure. On the other hand, Blackwood and
McTagqert (88) and Ates and Page (89) both support the theory of Fonimore and
Jones that the predominant oxidative attack on the soot surface is by the hydroxyl
radical. Thus, while it is impossible to make any universal statement, it seems
clear that hydroxyl radicals are important, especially under fuel-rich conditions. 
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SECTrG~ 4

tj iBORATORY FLAMES

4.1. OVERVIEW

The widely varying degrees of effectiveness of metal additives reported in
reducing soot formation in practical combustors gives evidence of the complex
mechanism(s) involved in their action. It appears that many flame parameters
(flame t ype , burner design , flame temperature , fue l equivalence ratio , and
type of fuel)  and even smoke evaluation techn ique are capable of having signi-
ficant influences on at least some of the various additives. Therefore, it
seems unwise to view laboratory flame results with the hope of determining
which additives are most effect ive, as it is doubtful that equivalent results
would be obtained in a practical combustor . Rather, the value of laboratory
flame studies rests upon the variety of relatively well specified (although
not necessarily practical) conditions that have been tested, and on the
potential of the results to help elucidate the mechanism by which the various
additives f~motion . Therefore , we will not try to present the quantitative
rankings of effectiveness of additives often reported in laboratory studies
(except as they pertain to the mechanism of action) as this type of result
would only be superfluous when compared to the myriad of results of practical
studies already reported .

4.2. MECHANISMS

Below is a brief overview of the three mechanisms by which additives seem
to function in flames, followed by the more detailed results wh i ch support each
of the three mechanisms.

Mechanism I (Na, K, Cs, 13a): This is an ionic mechanism which occurs with
additives which ionize extensively in the flame . The resulting additive ions
act on natural flame ions (both molecular and particulate) to decrease the

-; nucleation or coagulation rate. The result is a decrease of the amount of soot
formed, or a shift of the particle size distribution to smaller sizes which
burn out more quickly.

Mechanism TI (Ba, Ca, Sr): Additives which act by this mechanism underqo
a homogeneous reaction with flame qases to produce hydroxyl radicals which
rapidly remove soot or gaseous hydrocarbon soot precursors. This action appears
to occur throughout the flame, with significant decreai.s in flame radiation
in the early flame zones.

1
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Mechanism III (Mn , Fe , Co, N i) : This mechanism, which only occurs to
appreciable extents late in the flame (oxygen rich secondary zone), is an
acceleration of the oxidation rate, possibly by an occlusion of the metal in
the soot particle. No significant decrease in primary zone flame radiation
is typically observed with this mechanism.

These mechan isms are by no means independent . Barium appears to function
at appreciable rates by both mechanisms I and IT. In reality, a.i metal addi-
tives prthably act to some extent by Mechansim I, as they .~1l increase the ion
concentration in flames. The purpose of this division into three distinct
mechanisms is simply to provide a framework for the discussion of additive
functions. In turn the classification of functions can of course be useful
in selecting the best additive for a specific type of combustion system , as
well as for mixing various additives to achieve the largest possible soot
reduction.

Mechanism I (Na, K, Cs, Ba)

This mechanism is largely applicable to group I of the Periodic Table.
These elements are known for their low ionization potentials (Table 2)  and
lack of significant catalytic effects on the reaction of concern here .

TABLE 2. IONIZATION POTENTIALS IN ELECTRON VOLTS (References 91-93 unless
otherwise noted) .

Li 5.39 Cr 6.76

Na 5.14
Mg 7.64

K 4.34
Ca 6.11

Cs 3.89
Sr 5.69

Fe 7.87
Ba 5.21

Co 7.86

Ni 7.63 Pb 7.42

Mn 7 .43 Sn 7 .34

Cu 7.72
Mo 7 .10

Zn 9.39

Graphite ‘- 4.35 (72)

Large PqAycy’clic, ~ 7 - 10 (76)
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Barium has also been shown to be capable of hsvinq slgnit’lcan t activity ~Y
this mechanism (90), as it increases f lame ionizat ion levels ~n amounts simi l.i~
to group I elements. This behavior is apparent ly  due to the fact that it  ion i-
zes more readily than i ts  ionization potential indicates , by chem-ionization
reactions of the type (91):

Ba + OH BaOfl
1 +c

+ —BaO + H -. BaOH +e

Calcium and strontium, which l ike  barium are a lka l ine  o~ixths , apparently (9I~) ~1o
not contribute as many ions to the fldme by this mechanism ~s barium does.

One of the two possible explanations fo! the particle size dis t r ibut ion
sh i f t  has been proposed by Haynes, Jander , and Wagner ( 9 0 ) .  These workers
comducted experiments using a combination of l ight scatterinq and ext inct ion
measurements (79 ,~)4 )  a l lowing par t icle  size determinat ions down to about 50 A .
Relat ively low addi t ive  concentr ~i tions  of a few ppm introduced in an aqueous
spray yielded flame metal concentrat ion s of ~~~ to 1013 ions/cm 3 . These con-
centrations only slightly reduced the total amount of soot collected , but
caused a promounced shift in the particle size distribution . Typical shifts ,
after about 30 msec in the premixod flame , were from N \ IO~ to 4 x i~

l0

particles/cm3 and d — 500 to 1€~0 K.
This shif t  was explained by Haynes et al .  to be entirely a post-nucleat2on

effec t caused by a more rapid and complete ionization of the (incipient) soot
particles. According to this exp lanation , the coagulation rate was reduced l~ ’ the
associated increase in the e lec t rost at ic  repulsion between soot particles.
Calculations by Haynes et a l .  over a ~ i r i e t v  of p remised flame condi t ion s showed
that this size dis tr ibut ion s h i f t  could he a t t r ibuted to an order—of—magnitude
decrease in the coagulation rate constant.. Although the explanation fits t h e
data, it is not clear how ~tn additive of lower ionization potential than the soot
particles can do other than remove (‘h~ rqc frost the latter (set ’ below).

The second possible expldnation for Mechanism I is based on the size distri-
bution shift observed by Bulewic’z , Evans and Padley (~ 5) in propane—oxygen dif-
fusion flames. These authors also observed smaller size particles with additive
use , but they reported a smaller number of particles whereas Haynes observed a
larger number of pa r t ic l e s.

3ult’wicz et al . assume that the edd it ive ions have a pronounced effect on the
ionic nucleation mechanism. This theory is based on what would appear to he a
rather wel l established fact t hat metal  . idd i t  (yes , w h i l e  incr easing the overall
(metal plus hydrocarbon) ion concentration , actual ly  decrease the concentration
of natural flame ions Ni , 2 , 981 via charge transfer reactions of the type (92):

-t 4
M + * M + H~~~ + H

This decrease in na tura l  flame hydroc.-t r hon ions can be expected to decrease the
rate of ionic nucleation (‘)‘~~) , as metal ions are not suspected to be as efficient
as nuclei for soot formation as are hydrocarbon ions (91 , ).~

).
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An additional observation by Bu].ewicz et al. (95) was that additives such
as K and Cs exhibited pro-soot behavior at low concentrations (<10 10 ions/cm3)
and only at slightly higher concentrations yielded anti-soot effects. Feugier
(96,97) observed this same effect in fuel—rich premixed, ethylene/air flames.
However, while Bulewicz et al. explained both the pro-soot and anti—soot effects
on an ionic basis, Feugier attributed only the pro—soot effect to ions, stating
that the anti—soot effect was due to an effect on radicals similar to Mechanism
II .

The different results observed by Haynes et al (90) and Bulewicz et al.
(95) can perhaps be explained by considering the two different  combustion systems
involved. The oxygen-rich diffusion flame used by Bulewicz et al. could be
expected to burn out small soot particles, resulting in both a smaller number of
soot particles and a significant decrease in actual weight of soot collected ,
as were observed . In constrast, the fuel—rich , premixed flame of Haynes et a]..
would be oxygen-deficient in later flame zones where small soot particles could
therefore persist. The results would be a larger number of smaller soot particles
and little reduction in the weight of soot, as were observed .

Mechanism II (Ba, Ca, Sr)

This mechanism is based largely on the observations of Cotton, Friswell,
and Jenkins (99,100) in propane diffusion flames. i~i~ important characteristicwhich distingui shes it from Mechan ism III is its occurrence under fue l rich as
well as fuel lean conditions, and therefore in primary as well as secondary
flame zones.

— Schofield and Sugden (101) were apparently the first to investigate the
formation of the alkaline earth hydroxide ions :

M + OH~~~ MOH~~ + e ’ (1)

M 0+ H~~~M0H
+
+ e  (2)

M O + H 4 - M + O H  (3)

Jensen (102) later reported enthalpy changes and equilibrium constants for these
reactions.

Cotton et al. (99) studied the effects of forty different metal additives
and concluded that these additives reduce soot by at least two different machan-
isms. The distinguishingcharacteristic was that the alkaline earths reduced
soot (to same extent) at all fuel equivalence ratios studied , whereas the other
metals only acted under lean combustion conditions.

Cotton et al. proposed that the effect of the above reactions, 1—3 , was
to keep reactions of the type

H2
0 + H 4- OH + H2

balanced in the luminous zone of a hydrocarbon flame. Thus the OH concentration
was prevented from dropping below equilibrium (as it was assumed to be in the
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absence of the metal additive) and hence an accelerated rate of carbon oxidation
was achieved via

C + O H ~~~CO+ 1/2 H
2

Haynes et al. (90) observed a similar distinction between the alkali metals
and alkaline earths (Ha excepted) . These met.~tls demonstrated a strong ability
to reduce soot torntation , although i~o direct change in number density of soot
particles was observed . These workers turther asserted that Ca and Sr were not
capable of generating enough ions to inhibit significantly the coagulation
process (even with allowance for chomi-ionization and charge transfer). Cc c-
quently, they agreed in part with the mechanism proposed by Cotton et al., but
they argued that even the maximum possible OH concentration could not account for
th. observed soot reduction if OH actod solely on the already condensed soot.
They concluded that the main chemical mechanism must th.refore be OH oxidation
of the gaseous hydrocarbon soot precursors.

This mechan ism has also gained support ~rost some of the practical studiec
(already discussed) where the addition of Ba, Sr , or Ca results in a decrease
in the measured wall temperature (15 ,ltc due to more heat being retained in tht
flame . This wall temperature decrease is (rig h t f u l l y)  attributed to a decrease
in flame radiation resulting from less soot beinq formed.

Ibiricu and Gaydon (103) have reported that halogen compounds inhibit f l ines
by removal of OH radicals in a mechanism similar to the reverse of Mechanism II ,
namely

OH + HX H.,0 + X

where X is a halogen atom . They hypothosiiied that this reaction promotes carbon
formation which increases radiation losses and cools the flame, yielding higher
measured wall temperatures.

Mechanism III (Mn, Fe, Co, Ni)

The exact m&e of action of these additives is not well established , but
can be attributed to yet a third mechanism , use of these additives reduces the
amount of soot formed with relatively minor size distribution changes (32 , 3~

) .
The distinct feature of these additives is that they only function appreciably
in later flame zones, where soot oxidation occurs. Two of the most well-known
c vrinerrial additives , ?~4T (Mn) and ferroceno (Fe), contain the transition metals
which act by this mechanism.

F a r l y evidence of t h i s  r eac tion  mechanism come s from the work of Fenimore
.in i Jones (~~ ) on the oxidation of soot hy hvdroxy l radicals. They observed
t ha t  Mn ( i n  the form of MMT ’ had no e f f e c t  on the amount of soot formed in a
fue l - r i ch  premixed C~ H 2 /0 ’ ’Ar f lame. However, in flame gases having appreciable
oxygen , they observed about a .0% increase in the rate of reaction.

Feniniore and Jones also conducted experiments with soot samples containing
1% manganese by weight . They discovered that this Mn doped soot oxidized 120°C
lower than soot which  was free of manganese . The maximum rate occur’ed at 407° C
for the Mn catalyzed soot. Nabel .iod Cramer (104 ) observed a strikingly similar
result in their studies on the mechani~-m of act ion of ferrocene in smoke reduc-
tion . They reported (105) that ferrocene reduced the igni t ion temperature 
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soot collected at the same height in a f lame, from 585°C to 460°C; a 125°C
reduction.

Practical studies by Friswell (15) and Shiriner (16,106) reported similar
smoke reductions with Mn and Fe compounds. They also agreed that Ba yields
a signif icant reduction in primary zone flame radiation , whereas neither Mn or
Fe yielded noticeable reductions. Recent USAF studies (107) have also indicated
that while Mn (MI4T) substantially reduces soot in gas turbines, it has virtually
no effect on conthustor liner temperature. Meanwhile, gas turbine tests by
Shayeson (11) of a barium fuel additive showed a substantial drop in flame ra-
diation and temperature. It seems clear that Ba acts by a different mechanism
(II) than Mn or Fe (III).

The inclusion of Co and Ni in the same group as Mn and Fe is based on
somewhat scarce evidence. They have been shown to have sonic soot
reducing capability (91, 17), and are all first row transition metals with
similar electronic structure and chemical properties (108). Additionally,
Addecott and Nutt (91) pointed out that not only did Mn and Co have similar
smoke reduction capabilities in their studies, but they also produced virtually
the same total ion concentration. Nickel was only slightly further away in
ion concentration and smoke reduction .

Cotton, Friswell, and Jenkins (99) have speculated that Mechanism III
works by occlusion of the metal in soot particles, which subsequently oxidize
at an accelerated rate in oxygen rich flame zones. They also speculated
that metal oxides are formed which then remove soot by a reaction such as

M O  +C 4 - C O + M O
xy (s) x y-1

4.3. MATHEMATICA L MODELS

Several authors have attempted to correlate their quantitative soot reduc-
tion data using mathematical models. These attempts have most often been an
empirical data reduction technique, as the theoretical basis for the additives’
action was not considered to be well established.

Shimmer’s report (16) of Baguette’s experiments (9) included an empirical
expression to relate the optical density (Von Brand Smoke units) of the exhaust
gases to the inlet temperature and pressure of operation of the two-inch model
gas turbine combustor :

Optical Density = 3.404 x 10 1 + 2.873 x io 2 
~

— 6.195 x 10
1 T — 2.396 x 10 1 PT 1’ 2.625 x 10

_i 
T
2

Another equation was also given for the optical density when the additive was
employed :

Optical Density = 2 .634 x 10
_i 

+ 5.943 x ~~~~ P -

— 6.817 x 10
_i 

T — 9.947 x io 2 PT + 4.614 x 10 1 T2
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The concentration of the addit iv.’ was unfortunat.ly not included as a var iable ,
and apparently a different equation would be necessary for each of the three
additive concentrations tested . The fact that the equation contained five empi—
rical constants also diminishes its signific ance slightly.

Plonaker and coworkers (1.’) have obtained a somewhat better empirical cor-
relation using only two constants (A,k):

S A - kx

where x is the additive concentration 1J) ppn and S is sc~me measure of the smoke
concentrat ion (Bacharach Smoke numbe r , or (100 - Von Brand Smoke reading) ~~ .

These authors obtained good agreement with their data , hut unfortunately found
it necessary to use different constants for each of the three gas turbines they
tested , as well as each of the various load conditions.

Champagne (3~ ) has developed at least a partially theoretical expressioli
for Plonske r’s data (~ 2 ) , based on a very qenet-al thermal and catalytic .approach
for the burnout of carbon. ‘rho f ina l expression ~~ tained is

(Mn )
— - - —-——--——----—— —

k 2
(T ~~ + k3

where \C is the carbon reduction duo t~ the Mn additive , (Mn I is  the concentra-
tion of additive in the fuel as ~~Vr , and k 1 - ki are constants. Champagne ’s
result is Valid only under constant load conditions , and a’so requires new
constants ior each of the three t~ rt’ines . Additionally, Champagne ’s three-
constant theoretical expression did not appear to fit the data as well as
Plonsker ’s two constant empirica l t e t a t  ion .

Novakow at al. (31) found tha t  t h e  j ’ow.’r law

-b
n(r) Cr

where b and C ar e constant s , was able t o  ‘leset lb.’ the particle size dist r ihu—
tion s h i f t  which they observed when usitig a manganese fuel additive . The
agreement wan f a i r , a l t hou gh  there wi ’; a good deal of scatter in the exper iment al
data.

Lung t~ ’ r ( n ~ , Q7 ) deve h ~ nd 
!uav ,~ T . i  1 s,’sii —empirica l mode is , starting from tb .

broad theorotica l base that all soot precursors , p , are either oxidized (with
rate V1) or nucleated t o  sma l l  Soo t particles (with rate V2).

For Cs, K , and Na, the f in~ I express eu obtained is
‘V1 .- I I

Y _. - 
~~~~~~ 

-

( 

- - - 
,

— y ( K ,’(l  ~ ~ t I

4 V2

L 
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where Mo is the total molar fraction oZ metal. in the flame; K is the equi.librium
constant of the reaction

4. + -
M4- M + e

and t~ is (OH )eq/K’ where K’ is the equilibrium constant of the reaction

4.
M + OH 4- MON

Values for K, K’ , and equilibrium hydroxide concentrations (OH)eq were obtained
from data in the literature. The product ‘~‘cz is an empirical constant, as is the
ratio (V1/V2) .  The variable y includes the soot reduction ratio x/x0 (soot with
the additive/soot without the additive) plus yet a third empirical constant.
The agreement of this expression with Feugier ’s data is fair.

For Li and the alkaline earth metals the expressiom obtained by Feugier
is:

- 1) — 
pm 

— 
p6Meq

x ~~V1 + V 2 ~~V1 + V 2

where p and 6 are empirical constants, as is the suin (V1 + v2) .  M is the mean
molar fraction of free metal in the carbon formation zone, arid Meg is the mean
molar fraction of free metal at thermodynamic equilibrium at the same temperature
(obtained from literature data). The agreement with Feugier ’s data is not
quite as good here as with Cs, K, and Na.

One interesting technique employed by Feugier was to separate his results
according to the suspected different mechanisms of action of groups I and II of
the periodic table. Further modelling work should probably also take this
approach. This would allow size distribution shifts (important to Mechanism I> ,
such as those modelled by Novakov (31), to be inco~porated when necessary. Hydro-
xide thermodynamic data, as obtained by Jensen (100), could be used in a Mechanism
II model along with the rate expressions for carbon burnout in the presence of
additives reported by Cotton et al. (99). Possibly even other theoretical para-
meters would be necessary for the as yet uncertain Mechanism III.

4.4. ADDITIONAL METAL ADDITIVES

Several metals in addition to those already listed have also been tested for
their ability to reduce soot formation in flames. These metals are typically not
known for their effectiveness, and consequently have not been as extensively tested.
The dominant mechanism by which they act is usually still unknown.

Lithium has been shown by Addecott and Nutt (91) to yield positive ion con-
centration in flames similar to other Mechanism I metal.. On the other hand,
lithium has been shown by Bulewics and Padley (109) to form hydroxides similar
to Mechanism II metals.

Using prezaixed hydrogen/air flames, Bulewicz and Padley (109) have also
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Shown that Mg, Cr, Sn, and U all form hydroxides and probably function by
Mechanism II. Cotton, Friswell, and Jenkins (99) also included Mo with Mechanism
II metals, reporting it to be more effective than Ca and Sr at soot removal in
propane diffusion flames.

Addecott and Nutt (91) reported smoke reductions for Pb, Cu, and Zr similar
to the transition metals Ni and Co, while Cotton et al. (99) found all of these
metals to be ineffective.

4.5 • FORM OF METAL ADDITIVES

Several laboratory-scale experimenters have addressed the question of
effects due to the form in which the metal is added to the flame. Salooja (98)
tested different salts of Ba and found that they all acted the same as BaO.
Addecott and Nutt (91) reached similar conclusions.

Bulewicz and Padley (109) have pointed out that volatile compounds [such
as Sn( CH3)41 may cause less catalysis than a spray additive of a Sn salt.

Organometallic compounds are usually employed to increase the solubility
of the metal in a petroleum fuel. Air Force studies (42) suziusarized by Blazow—
ski (41) showed no effect of the organic ligand. However, ferrocene is known
(108) for its extreme thermal stability (to >500°c), and thus in some flames the
dicyclopentadienyl compounds may not have any significant catalytic effect until
the high temperature zones.

4.6. ROLE OP ELECTRONS

Salooja (98,110) arid Weinberg (111) have conducted experiments with metal.
oxide coated wires in diffusion flames. They have observed strong anti-sooting
effects when the wires are inserted in the primary reaction zone at the base of
the flame, and pro-sooting effects when the wires are inserted in the later
pyrolysis zones. Weinberg has explained these results on the basis of the free
electrons that these easily ionizing wires contribute to the flame.

According to Weinberg (111), the maximum rate of agglomeration of particles
will occur when half are charged and half uncharged. (This statement is only
true as a first approximation, that is, when the consideration of interparticle
forces is limited to electrostatic repulsion between charged particles. When
the analysis includes attractive forces between charged and neutral particles,
that is, image forces arising from induced charge, it is found that the maximum
rate may occur with significanctly less than half of the particles charged.)
Thus, early in the flame when there are many particles and only a small propor-
tion charged, the electrons neutralize even more particles, reducing the rate
of agglomeration and yielding art anti-soot effect. Later in the flame when
there are fewer C and larger) particles, and almost all of them are charged,
the electrons will again provide more neutral species, which will now result
in an increased rate of agglomeration, and the corresponding pro—soot effect.
The observed change in size of the luminous zone of the flame is due to the
longer burnout time required with the larger particles.
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In contrast to the foregoing, Haynes et al, (90) reported that in premixedflames electrons did not play a significant role in the action of the additive.
This conclusion was based on the use of electric fields to pull. electrons out
of the flame. A potential of only —300 to +300 volts was used, but the exact
field strength was not stated. If the distances were large enough, it is
possible that the field was not strong enough to pull electrons out of the flame.

Even if electrons are not important in premixed flames, Haynes et al. (90)
pointed out that this may not be true for diffusion flames where the lean
oxidation zone contains few hydrocarbons to trap electrons.

Many practical flames of interest are turbulent diffusion systems which
have aspects of both premixed and diffusion flames. It is therefore difficult
to state, a priori, what effect an influx of electrons would have at various
points in a turbulent diffusion system. The possibility for soot control by
this approach deserves further investigation since it would not contribute
harmful metal additives to the exhaust.
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SECTION 5

CONCLUSIONS

Metal addit~ves have been amply demonstrated to reduce the soot content
in the exhaust of practical flames. Generally, the most effective additives
are those which contain Mn , Fe, or Ba. The additives typically achieve the
most noticeable reductions in soot under heavily sooting conditions - high
power, high load, or poorly maintained c,ombustors. Systems with relatively
clean exhaust often exhibit an increase in particulate emission due to metal
oxides from the additive.

The metal oxide particulates resulting from additive usage are relatively
non-toxic in the case of Fe, slightly toxic in the case of Ba, and possibly
very toxic in the case of Mn. However, the health effects of all additives
(especially manganese) deserve further attention , since it is possible that
some of them may constitute a greater health hazard to the public than does
the soot they remove.

The mechanism by which metals from groups I and II of the periodic table
function is more firmly established than is the mechanism by which the
transition metals act. However, the understanding of the role of any of the
additives is qualitative . The mechanism of action of the highly effective
transition metals should be investigated in well-defined laboratory flames.
A better understanding of this mechanism would be very useful, especially
in the formulation of additive combinations. The prevailing disagreement
between the experiments of Bulewicz and Padley (109) and Haynes et al. (90)
as to whether alkali metals affect the soot nucleation step should be resolved
in laboratory experiments permitting simultaneous measurement of soot particle
number concentration and particle size distribution.

The mechanisms by which additives are believed to act suggests that a
carefully selected combination of additives might achieve greater results than
any one additive separately. Variations in cornhust.ion system temperature could
also be at least partially compensated for by the use of such a combination of
additives. For example, Cotton et al. (99) report that Ba and Mn have similar
efficiencies at 1500 - 1600°K, whereas Ba is much more effective at 2000’K.
Additive combinations could also be used to overcome problems of decreased fuel
thermal stability, caused by only one additive , and metal oxide deposition on
combustor surfaces (41). Consequently , various additive combinations certainly
deserve further attention.

Coinbustor design modifications are generally the preferred long-term
solution to sooting problems. Metal additives should only be considered for
short term use, or where design modifications are unacceptable.

L~. 
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